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A camera designed for u8e in f l igh t  has been developed by the EJACA 
L e w i s  laboratory t o  photograph cloud droplets in their na3xn-d. mspen- 
a i m   i n  the atmosphere . A magnification of 32 times is employed t o  
distinguish for mesm2-ement -purposes all sizes of droplets greater 
than 5 microns fn d"be r .  Photographs can be taken at f l ight  speeds 
up t o  150 miles per hour at  5-second intemals. A field area of 0,025 
square inch is photographed. on 7-inoh-width roll film aaccQrmodating 
40 exposures on an 18-foot length, Flight t e s t s  conducted in du6 
c l m b  have shown tbat approximate droplet-size distribution  studies 
aan be obtained and %ha% strrdies of the  microstruature and physics of 
clouds oan be made u i t h  the camera. 

In the  study of the physics of olouds and the  meteomlogical fac- 
tors  that ,are conducive t o  the ioing of aircraft;, it is necessary t o  
meamre the sizes of the droplets  within the clmds. M e a s u r i n g  methods 
that imolve oatching the  droplets w h i l e  traveling at flight a p e &  are 
subject t o  errors resulting from WWct which cannot eaeily be evalu- 
ated. The true s i z e s  of t k  droplets oan best be obtained w h i l e  the 
droplets are i n  their natural suspension in the atdn0sphel-e. One method 
by which this may be ao0cxupliehed- in flight is t o  take high-speed photo- 
graphs of the cloud wing a suitable magnification system to distingui8h 
the  individual  droplete. The s i z e s  of the droplets oan then be meas- 
ured directly frcan the film with an acouraog tha% nay be easily e d u -  
ated in the laboreatarg. T h i s  teo-que has been inveatlgakd b;y the 
national Research C o u n o i l  of Canada (reference 1). 

Reported herein is a desori-ptim of a camera and asscuiated equip- 
ment f o r  photographing Claud droplets i n  fl ight.  The c e m  was om-  
structed and f l igh t  tested at the NAGA Lewis laboratory. 
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Three optical systems considered for  the camera were based on 
(1) the m e  of reflected.  ligbt fran the cloud dzoplete, (2) &ark f ie ld  
illumination whereby the droplets are made visible by remot ion ,  and 
(3) light  field  illumimtion in  which the &roplete appear as shadars. 
It is extrenely difficult t o  illuminate the diroplets in suoh a mBMer 
that the  reflected or refracted  light w i l l  define the perimeter of the 
droplets against a dark baokgronnd. The ehaduugraph method was selected. 
for this camera because of the eaaier Illumination problem and becauee 
of the  better  oontraet obtained with the ehadaw of the droplet  focmed 
on the film. It appears tht the diffraction  effects  emantered near 
the limit  of resolution of an optical s y s t e m  do not diminish the om- 
trast a t  the edge of the image ae much with a dark image as with a 
bright one. 

A sohematic diagram of an elementary shadowgraph optical syetem 
and mra is shown in  figure 1. The f i rs t  cansideration i n  the deaign 
of such a s y e t e m  is the resolving power of the ob3ective lene. From 
a standpoint of physical  optics it baEI been sham that 

X + j  L 

X the minimum distance resolved 

L object  dfstance 

. 

In view of t h e  fact  that available p c b r m a t i o  roll film is sensitive 
t o  abaut 7000 angstroms and it is desired t o  reeolve 5-micron prb ic les ,  
the u6e  of thiu f o d  gives an L/D value of 7. TILLS value is the 
theoretical remlut im of two bright points by a perfect lens. Any 
lens  aberrations will requlre that th is  value’be depressed. It has 
been experimentally determined that, i n  order to accurately correlate 
Image diameters n i t h  object  diamsters i n  a shaduwgraph aystem, the 
value of L/D must be reduced at least 15 pement,  giving a m ~ ~ ~ i m u m  
value of 6. Images of small-eize  particlee that are near the limit of 
resolution of an o p t i d  system wlu generally have less depth of fcuus 
and apparent  magnification than an w e  of larger particles. This op- 
t i o a l  characteristic is theasult of diffractian  effects. . 

C 
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The depth of focw of a'lens can be approlclmately expressed as 

AL=o,- 2L D 

where  AL is the depth of foous and 0, is the diameter of the virtual 
image of the  circle of confueian as referred t o  the ob jeot plane. The 
magnification is approximately inversely proportional to the obJect 
d f s t m e  and, therefore, a large depth of focus would cauae exceeeive 
variation in magnifioation. It is desired, however, to photograph a 
mximum volume of c l a d ,  which w a u l d  indicate the desfrability of a 
large depth of focus a d  a still  W g e r  object distance. A c l e a r w e  
of abaut 4 inches between the objective  lene and the  object plane was 
considered essent ia l   in  order to be reasonably oer t a in  that the droplets 
w e r e  not being  disturbed by the 0-m body before reaching the f ie ld  
of view, Calculations based on theee d u e s  indicated that variation 
in magnification wcdd not be a problem but that the volume to be photo- 
graphed would be relatively smal l  . 

The grain s.ize of r o l l  film of m o d e r a t e  epeed is of the order of ' 
2 5  miorons. Experience indicated that 8 minimum magnification of 25 
times was required t o  obtain 89 fmage of a 5-micron object  with suffi- 
oient  contrast t o  be ebocUrately meaaslped 011 the film. A (38mem 9 feet  
long would be required to obtain this mgnifioation with a simple single- 
lens system. I n  order to reduoe t h i s  length and simplify other des- 
oonsi8erations, a two-lens eptem was adopted as shown in figure 2. In  
this s y t e m  an enlarged fntemsdiate image of the object ie formed be- 
tween the two k1Be5 near the second or  projection lens. ' 

The large  relative  velmity CS camera aad &wets at f l igh t  
speeds requires that a very short exposure or  ~ a n e  mthod of cornpeneating 
f o r  t h i s  velocity o r  a combination of both be used f o r  stopping the im- 
age of the  droplets on the  film. At  the timR the camera was de8igne&, 
the fastest  suitable epark that was available waa approximately 0.1 mi- 
orosecond (reference 2) .  The miniplum airspeed at which the camera would 
be required t o  operate in flight was taken as 150 miles per hour, at 
which speed a droplet w o u l d  move 6 miorcme i n  0.1 microsecond. Althmgh 
limited droplet-size measureents could be made fram the resultant 
photographic image8 taken i n  thier exposure period, it was decided to 
cm&nsate this motion by the use of a rotating mirror, The rotational 
speed of the  mirror was adjueted to caupensate f o r  8 lhear velocity 
of 150 miles per hour. 
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DESCRIPTION OF IN3T- 

Construction. - A 3-inch F4.5 enlaxging Ektar lens and a 50-m Fl.9 
Ektar lens were selected for this  application, because of their suit-  
able  correction. The permissible angular aperture of the system m a  
found t o  be limited by the avaCLable  camera,  which uses 7-inch-wldth 
r o l l  film, rather than by the  correction of the  objective lens . 

An image of the  light source w&8. f o m d  by the cond.eneing lenses 
mounted in  the  light-source huueing a t  a point between the object plane 
and the ob3ective lens. This armngment a s  required  bemuse the diam- 
e t e r  of the field of v i e w  was less  than  the diameter of the  obJective 
lens and the apertures of both the objective and the projection  lenses 
require illumination frm all points in the f ie ld  of view. This  llght- 
beam configuration prodxced the  best  resolution and aLso provided a 
e d l  image of the  l ight source  behind the  projeotionlens w h e r e  the 
small rota.%ing mirror was located. A 4OO-cycle induction motor was used 
t o  drive  the  rotating mirror at speeds near 10,000 rpm. Motor speed, 
being a function of inverter frequewy, did not need to be measured or 
otherwise regulated. The inverter governor was s e t  t o  correspond t o  
the mean cruising speed (150 mph) of the  aircraft   in which the c e r a  
was inetalled. 

The flash from the epgtrk light aource m e t  be initFated when .the 
Bhutter of the camera f a  open and within a few  mfcroaeconds of the tbne 
when the  rotating mi r ro r  is In the proper angular position. The unit 
that smchronizes  the light Bource with the rotating  mirror ( f ig .  3) 
enrploya a small cup on the end of the  induction motor shaft. The cup 
ha8 a small hole i n  one side . - The image of a W p  located at one end 
of the unit is focused an th i s  hole 80 that one pulse of l ight  is ad- 
mitted t o  & photocell each revolution. The electrical  pulee thus pro- 
duced i n  the  photmell hae a f a s t  rfae tjme and ie of several micro- 
seconaEi bratian. This apchroniz ing  pulse si@ is first passed 
though a cathode follower in the eynchranizing uni t   to  l m r  the im- 
pedance for transmission t o  t'k @si& unit (fig. 4) . The signal is 
then passed through a pulse amplifier of conventional  design (fig. 5) 
equipged with an interlocking  circuit connected t o  the camera shutter. 
Thus, wlaen the  shutter has opened, the plate circui t  of the cathode 
follower output  tube is cm@.eted through a condenser and the nexi; 
pulse is applied t o  the- grid of the %ZZ hydrogen thy-ratrcm tube. The 
tube becomes conducting, and the condenser.connected to graznd is dis- 
charged through the  series  cirouit  consisting of tube,  inductance, and 
condenser. Energy ia  thus  transferred to the inductance from the con- 
denser and, as thfs  oscil lation continues, is returned t o  the candeneer 
but of opposite polarity. The tube  then  deionizes BO that the  oscilla- 
t ion is terminated a f t e r  its -first half cycle. The condenkers are 
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then in series and a voltage  pulse of nngnl-tude nearly double the sup- 
ply voltage is applied t o  the l igh t  source. The consideration8 concern- 
ing the  use of th i s  type of pulsed l igh t  source me. discussed i n  detail 
i n  reference 2, 

The l ight  source  consisted of two 0.007 X 0.1 inch magnesium rib- 
bon eleotrdee spaced 1/4 inch apart and sandwiched  between quartz in- 
sulating  plates. The light emitted from the  thin  side of the electrodes 
is used, thus Obt8ining a near point l igh t  souroe. The light-saurce 
holder (fig. 4) was made removable fra inside  the airplane t o  provide 
for possible  eervice in flight. This convenience bets not proved es- 
sential,  but the l ight   source'^ being removable frcan the homing with 
cable  attached has greatly ehg l i f i ed  aseemblg, dieaesenibly, service, 
am3 electr ical  fsllsulation. 

The  mechanism of an ae r i a l  camera (K-21) waa incorporated with 
some modifications, T h i s  camera is an electrioally opemted atltcnaatic 
wit using 7-inch w f d t h  roll film An 18-foot lengths . It is equipped 
with a focal-plane shutter and a pair of hinged doors that also oper- 
ate as  a shutter and n d l y  close while the food-plane shutter is 
being rewuund. The original camera lens,  lena mount, and focaliplane 
shutter were removed ebnd 8 switch was added that -ea ccutaot when 
the  shutter doors are open. This in te r lwk mitoh was previously des- 
cribed in the eynchronizing  cLrcuit. 

Mountiw on airplane. - Problem  aesmiated with m a U n t i n g  the 
c m r a  on the airplane dictated its ext;ernd. omfiguration (fig. 6 ) .  
The film-transport mechanism and synchronizing unit were molmted in- 
side  the airplane. In order t o  pboe the object  plane 88 far frm 
the skin of the airplane as possible, the light-sayroe housing was 
supported  about 18 inches fromthe airplane by five  stainless-steel 
tub- struts . 

One end of each s t ru t  was attached t o  the l i g h t - s m e  hcrtzsing 
with a stud that was silver-soldered t o  the shell. The other end of 
each strut was attached with flanged  unions t o  a m a m t i n g  plate an the 
camera b m  lmated  inside the airplane. The u n i m  pennit  disassembly 
of the light-souroe housing from the O&PE~T& body t o   f a c i l i t a t e  mount- 
ing the entire  unit on the  airplane. Upon remsembly the  optical sys- 
tem is d i n e d  without requiring any adjustments. Figure 7 is a photo- 
graph of the oamem mounted 011 a tvin-engine a5rcmS. 

Operation. - The thyratran tube requlres a 5-slfmrte ninhun warm- 
up period before  pulsing,  After  the  unft is loaded with film Eand W- 
fioiently w&m, operation i a  controlled by the Standby switch,  wuch 
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turns on the p r i s m  motor and high voltage, an8 the operating pushbuttan. 
A photograph is autcmatically  taken each tims the pushbutton is de- 
pressed. No synchronizing  adjustments are required within &O miles 
per hour of the intend& airspeed. T h i s  a l lmble   var ia t ion  is of con= 
siderable advantage wben maneuvering the airplane t o  study different 
portions of a cloud. 

Measurements of t h e  properties of the  uptiaal syatem indioate .that 
the area of the  f ield recorded on the film is 0.025 square inch, EA- 
though the optical system is uaeful a t  Rzll resolution at much more 
than this area. Depth of eharp f m  for  5-micmm particles fs 0.012 
inch, and f o r  sharp focus of l0dcron   par t ic les  and larger it is 0.020 
inch. Magnification is 31.6 times. With an object  distance of approxi- 
mately 4 inches, errom in nagnifiuation are negligible, being a total  
varlatfan of less t- 1/2 percent for sharp foous and 2 pement for 
an$thing that is Befined on the film. If the exporsed lenses becane 
wet or frosted when the cloud is heavy, scane l i g h t  X z l l  be dispersed 
and the contrast of the droplet shadare w i l l  be less. No data have 
been l o s t  as a remlt of th i s  effect. 

Portions from several photographe taken during fl ight  through 
d u s  clouds are shown i n  figure 8 .  These  amas have been enlarged 
about 3 tinea from the  original  negatives t o  fac i l i t a te  diamter meas- 
urements of the droplet Images. The nuniber of droplets photographed 
for eaoh exposure varied frm about 12 droplet6 t o  no droplets wlthin 
the field of view. It was extremely dlffiault from rL8ual obeervatians 
t o  determine the more denae of the clouda w k m  a greater ruzmber 
of droplets for a &ven area can be expected. During one cloud survey, 
a to t a l  of 24 exposures provided only 109 droplet images suitable for 
measurement. These data are shown in  figure 9, where the  cumdative 
frequenuy dietribution of the droplet sizes is platted on a pmbability 
6aale. These data indioate that studies of droflet-8ize  difltributima 
are possible with the 08mera provided a lea-@ number of photographe 
a m  be obtained. 

The value of thier oamera is not necessarily confined t o  the mas- 
uremnt and analysis of drop le t  s i z e s .  Studies of the mlcroetructure 
of clouds can be conducted with regard t o  cloud developent  includiw 
droplet  nucleation, growth, ccagulation, and evaporation. Phaae  changes 
oan a l s o  be detected.  loe  aryatals and anm fhkee  can easily be ais- 
tinguished from each other and f m n  liquid  droplets. Va,ricxm types of 
ice  crystals photographed while In natural Bus-pension are s h m  in 
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I figure 10. The frregular shapes of the images identify the ice o w -  
s W s .  Theee pictures were obtained in a laboratory d a z d  chamber 
where  orgstallization of Ifquid.  droplets can be controlled. 2 

UI 

COITCLUDIXG RsfARKs 

A camera designed for we in f l igh t  has been developed by the 
NACA Lewis laboratory to photograph olmd dro-plets i n  thdr naM 
ampension i n  the atmosphere. All sizes of droplets above 5-mlcran 
diameter can be measured frcxn the droplet images on the film. A shaam- 
graph  technique is employed with an optical ayetern providing a magni- 
f loat ion of 32 t i m a .  A field area of 0.025 square inch is photomphed 
on 7-inch-width r o l l  film acccomnod+bting 40 exposures on an 18-foo-t 
length. Photographs can be taken at flight speeds up to 150 miles per 
hour at 5i-seoand intervals. 

Ekperhents conducted. with the c811pem in flight and in the labor&- 
tory have provided the following reeulte: 

1. Cloud droplet-size  distribution  studies are possible povided 
a large mber of photographs are used. 

2 . The photograph8 provide a means of stud- the miomstructure 
of cloud8 and the  physical phenmena involved i n  cloud developnent and 
dlssipahion. 

3. Images of ice  cryetals and. snow flakes can be distinguished 
from each other and f r o m  liquld droplets. 

Lewis Flight Propulsion Laboratory, 

Cleveland, Ohio. 
National Advisor$ Conunittee for Aeronautics, 

I, E l l i o t t ,  E. X. : Cloud Droplet Canera. Rep. No. MI-701, Div , Mech . Eng., 6220 F-2.&1, Hat. Res. Labs. (Ottawa), Deo. 26, 1947. 

2. Young, Allen E., McCullough, Stuart, and Smith, Richard L.: 
Power U n i t  f o r  Hfgh-Intensity L i g h t  Source. RACA RE4 E50K27. 



m 

I. ZBTI 
. . . . . . .. . . .  ' \' i '  

. .  

I 

. . " .  . 

P 



.. . . .- 

u a 

C"""" 

-\" """_ A""""""- 1 

. .  . " 



10 NACA RM E50KOl.e 

.. 

motor 

camera. 



MCA RM E5OKOla 

pisure 4.  - fulshg unit and light-source holder of dmplet camera. 
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Percent of droplets wfth diameters less than specified values 

Figure 9 .  - Cumulative-frequency  curve s h o w i n g  distribution of 
droplet  sizes in a cumulus cloud as measured f rom droplet-camera 
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Figure 10. - Ice crystals supended In oloud ohamber a8 photographed by droplet camera. 
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